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ABSTRACT

We present new Ha emission line spectra and an analysis of the mass outflow
for the massive close binary, HD 149404. Spectra obtained between 1995 and
1997 show evidence of coherent orbital phase-related variatious superimposed
upon both long term and short term emission strength variations. We use
a Doppler tomography algorithin to construct velocity maps of the emission
intensity, and these demonstrate that emission displays two broad peaks that
follow sinusoidal radial velocity curves that are significantly different from the
orbital velocity curves of either star. We present a model for the kinematics
and distribution of the emitting circumstellar gas, and we argue that most of
the emission comes from wind flows from both stars into a shock region region
between them. The binary appears to be in a post-mass transfer stage in which
systemic mass loss dominates evolutionary processes.

Subject headings: line: profiles - stars: binaries: close — stars: binaries:
spectroscopic — stars: early-type — stars: individual (HD 149404) — stars:

mass-loss

1. Introduction

Radiatively driven winds are found in all massive luminous stars, and in close binary
systems, the individual winds may collide and forni a how shock which wraps around the
star with the weaker wind. One casily observable consequence of colliding winds is Ho
emission. This emission is an excellent probe of dense regions in the wind, as it is caused
by recombination, in which the emissivity scales with the square of the density. Enhanced
density is expected in two places, the lower lavers of the wind near the photosphere of the
generating star, and near the shock. The lower wind contribution to Ha comes from layers
typically between 1.0 and 1.5 stellar radii (Puls et al. 1996). Such base level emission will
show radial velocity variations similar ro the stars themselves. Emission formed in the shock
region. on the other hand. will display velocity variations defined by the spatial and velocity
structure of the circumstellar gas. These velocity curves are often quite different from the
motion of the stars. Several groups have made Hao stadies of massive binary systems and
deduccd the presence of colliding winds (Vreux 1985: Gies & Wiggs 1991; Wiges & Gies
1992, 1993: Gies, Wiggs, & Bagnuolo 1993).



Thaller (1997) undertook an all-+bv o survey o massive binaries to search for likely
colliding winds candidate systems. She identified 1D 149404, a system vontaining two
massive evolved stars locked in a close orbir, as an especially promising systemn for the
detection of wind-induced shocks. HD 1910 L composed of a supergiant and giant star, is
one of the hrightest members of the Ara OB association. He criission was first observed by
Kucewicz (1063), and a double-peaked structure to the ewission was observed by Jaschek,
Jaschek, & Kucewicz (1964), suggesting that [ID 149104 was a binary. Supporting this
notion, Hutchings (1976) found HD 119104 to be o radial velocity variable. Conti, Leep,
& Lorre (1977) discovered a double-lined spectrum for the system. and the first orbital
elements were determined by Massey & Couti (1979), who set the period at 9.813 days.
Massey & Couti hypothesized that the He emission scen in this system could be indicative
of current large mass loss. They deterinined that the brighter star (estimated to be an
08.5 1) was less massive than the dinuner, hotter star (O7 III(f)), which also suggested
a history of mass-loss or mass-transfer. Stickland & Koch (1996) used cross-correlation
techniques with UV spectra from the International Ultraviolet Explorer satellite and found
a similar period of 9.8145 days, again with the dimmer star as the more massive component
(My/My = 1.53 £0.09). In addition, Stickland & INoch (1996) noticed a strengthening of
the lines of the dimmer star during its quadrature of greatest Dlue-shift, a classic “Struve
- Sahade Effect” (Gies et al. 1997). HD 149104 is also a known IRAS infrared source and
a radio emitter at 3.6 cin (Lamers & Leitherer 1993). further indications of extensive mass
loss and the likely presence of circuwmstellar marerial in the systen. This system presents an
interesting problem to stellar nomenclature. The hrighter star was originally identified as
the “primary” star. while in fact, the dimmer star is the more massive (and hotter) of the
two. In order ro avoid confusion in this paper, the hright supergiant star will be referred
to as “Star 17 and the dimmer, more massive giant star. “Star 2.7 Note that the systemn
has no known close visual companion { Mason et al. 1998). so that we can assutie that the
spectriil featnres form only in these two stars and their immediate vicinity.

Tlie basic properties of HD 149401, as well as its exact evolutionary status, are subject
to considerable debate. Using a tomography technique to separate the individual spectra
(Bagnuolo. Gies, & Wiggs 1992). Penny (1996) obtained spectral types of O8.5 I and
06.5 111 usine UV classilication criteria. Penny then used the single star evolutionary tracks
of Sclialler ot al. (1992) to estimate the masses of the stars, Ay =44 £ 5 and My =19 £ 12
Mg, and their ages. 2 3 million vears. Using her estimate of the inclination (2 = 21°),
Pennv deteriined that both stars in HD 149400 were rapid rotators. wirtlh neavly twice
the svnchronons rotation rate. While the advanced evolutionary state and low niass of
Star 1 sugeest= mass-transfer has occurred tn the pase, the huge rorational velocities seem

inconsistent with the dviamics of Roche Lobe overtlow, which shiould force synchronons



rotation.

[Toping 1o resolve some of these inconsistencies. Penny. Gies. & Bagnuolo (1999)
analyzod a heht curve of HD 149404 [rom the Hipparcos satellite (IKSA 1997). Although
the variations in intensity are small (approximately (7"04), the light curve shows a clear
ellipsoidal variation. No eclipses were observed. however, which placed a tighter constraint
on the inclination of the system. Pennv’s new estimate (¢ = 30°) brought the stars’
equatorial vetocities down (Vg 1 = 172 and V- = 109 ki s7Y), but still showed them to be
rotating fasrer than synchronous. A major chiange, however; occurred in Penny’s estimate
of the stellar masses. With the new inclination, she estimated the masses to be 16 A/5 and
18 My, for Star 1 and 2, respectively. [n addition, the new parameters suggest Star 1 is very
close to filline its Roche lobe.

Penny et al. (1999) proposed that D 149404 has experienced mass loss (or possibly
mass transfer) in the past, which has now ceased. They suggest that Star 1, originally the
more massive, lost mass through Roclie lobe overflow. which may or may not have accreted
onto the orlier star. This mass loss increased rhe mass ratio above unity, making Star 2
more assive. und led to greater separasion of the stars. The current super-synchronous
rotation rates may reflect the synchronous roration ol an earlier, shorter period system. The
rotational vilocities may partially account for the surprisingly low masses of the stirs, as
rapidly rotating stars have larger nass-loss rates than found in non-rotating stars (Maeder
1999). Pennv’s scenario agrees well with suggestions by Vanbeveren & de Loore (1980) and
Hutchings & Van Heteren (1981) that Star 1 is a post-Roche lobe overflow object. The
apparcnt Lici of C III and extreme strength of the N IIT lines found by Jaschek & Jaschek
(1974) also =nguests past mass loss by Star 1, which has resulted in the exposure «f riclear
processed nietevials at the surface of the star. In the U7V vegion of the spectrum. Lowever,
Pennyv (1907 mnd novmal carbon e strengths for the snpergiant star, so the ='tiation

may bt e char simple.

I this raper, we report on a detailed study of the orbital phase-related variations of
the Ha line. \Wo show that coherent cmission variations ave present. hut have radial velocity
patterns thae ditfer from the orbital motion of cither star. \We present an analysis of these
motions, aited at determining the locarion of the emitting gas in the systen.

2. Obscervations and . ductions

Two incependent groups, oue at Georgia Stare University (GSU) aud one at the
European Scethern Observatory (ESO). obtained Ho spectra of HD 149 10L The 15U



obscrvations were obtatued by M. Thadler with thie Ti-inch Telescope at Mount Stromlo
Obscrvatory o the nights of 1996 March 3-120 using the conddé spectrograph. grating C
(600 grooves mim ™ blazed ab 12500 A) in second order. and the 813 em focal fength
camcera. This produced a spectral coverage of 6648 - 6710 A witn a reciprocal dispersion
of 0.2 A pixel™ on a thinned 2048 x 2048 Tektronix CCD detector (Tek 2IK). An RG610
filter was u=ed to bloek higher orders. The exposure times ranged from 5 to 20 minutes
depeuding on sky conditions, and several bias, flat ficld, and Th-Ar comparison lamp
spectra were obtained cach the night. In addition, several spectra of the rapidly rotating
star HD 87101 were taken each night ro facilitate laver tellurie division. A second rmn on
the Mount Stromlo 74-inch Telescope took place on the nights ol 1997 March 20 - April 1.
The arrancement was identical to the first Mount Strowlo run, with the exception of the
detector which was a 4096 x 2048 SI'Te CCD. This produced a wavelength coverage of 6342
— 6962 A and a reciprocal dispersion of 0.152 A pixel™!. For both observing runs, we were
able to obtain data with a signal-to-noise ratio of 200-300 pixel™" in the continunm.

L. Kaper, in collaboration with A. Fullerton, obtained Hea spectra for a large nuinber of
O-type stars, including HD 149404, at ESO with the Coudé Auxiliary Telescope and Coudé
Echelle Spectrometer on the nights of 1995 May 29 — June 6, using the red-optimized path
with CCD#1 1 (208 x 2048 pixels), windowed to 40 pixels in the cross-dispersion divection,
as a derecror. This arranigement produced a spectral coverage of 6333 — 6594 A with a
reciprocal ¢ispersion of 0.029 A pixel ™! and a typical signal-to-noise ratio of 230 pixel™L.
The spectra were wavelength calibrated using Th-Ar spectra obtained every 2 hours. These
spectra were extracted. calibrated. and telluric-cleancd using the MIDAS software package.

The M=) data were extracted aud calibrated using standard routines in ITTATF3.
Subscquien: v the spectra were rectificd to a unit coiwinuun u=tiug & cubic spline fit to
line-free recions. The spoctra were then cross-correlaied with a [ibravy of purcly relluric
spectri obi i from Images of the rapidly votating <randard star. Bach target spectrum
was divided oa the bese-fie telluric spectrum. leavine the resulting spectrum free of
atmospheric lines. Next, the spectra were cleaned of remaining cosinetic imperfections by
interpolaticr. Fiually, spectra from cach run were interpolated onto o common hicliocentric

wavelength wrid.

BIRAF ix lsrvibuted by the National Optical Astronowny Observatories. which is opernned by the
Association ¢ niversities for Research in Astronomy. nc.. ey cooperative agreement witl tie National
Science Fourion.
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3. Variations in Ho Iliission

We beein by considering the orbival phasc-related vartations in the spectra. \Ve
calculited orbital phases using the ephemeris of Stickland & Koch (1996): P = 9.81452 d
and 1, = 111D 2 L4 19.303 where zero phase corresponds to St 1’s maximum radial
velocity in this cirenlar orbit. A journal of observational dates and phases is given in
Table 1. Ticare 1 shows the ESO Her spectra plotted as a function of orbital phase and
radial velociiv, assuning a rest wavelength of 6362.682 A, while Figure 2 shows the same
for the two MSO runs. The spectra are placed in the diagram so that their continua are
aligned with the orbital phase of observation. The bar at the upper right indicates the
intensity scale relative to the continwiun. The He line shape shows a clear progression with
orbital phasc, changing from single- to double-peaked twice during the orbit. However, the
patterns arc not those expected from the orbital motion of the stars (see below).

Inspection of Figures 1 and 2 shows that there ave also significant variations in Ho
strength thar are nnrelated to orbital phase. The profile apparently changed in overall
strencth between 1995 and 1996-7. Equivalent widrhs (from mnncrical integration and with
errors uf & 1197) arc listed in Table 1 and plotted versus orbital phase in Figure 3. The
emission strenoth appears to have increased from 11, = —4.6 A1 1995 to Wy = —6.5 A in
1996 and 1997, We doubt this has an instrumental origin (for exanple, from differences
in scartered light) because observations of other binaries from ESO and MSO do not show
this discrepancy. However. changes of this magnitude are seen in the Ha emission of some
single O-supereiants (Kaper et al. 1998). The detailed profile shape also shows evidence
of long-teri: changes (sce, for example. the exvended blue wing found in the MSO 1996
spectra in 1 phase range 0.0 — 0.3). Furthermore. there are variations on time scales of
line conter o phase 0.k hetween spect va obtained wiriin the 1996 and 1997 runs). Thus,
althonueh we will focus atteution on the orbital shape variations in the discussion below, the
variations in cquivalent width on other time scales clearly indicate that the outflows that
produce the o emission are transitory in nature. Given these substantial variations, there
is no competiing evidence that the emission equivalent width is phase dependent.

The Lnck of substantial equivalent width vaviations related to the orbital cycle suggests
that no stenicant oceultation of the cnuitting regions by the stars occurs during the ovbit.
This iz nor crprising eiven the svsterds low orbiral tnclination (7 = 30° £ 5°: Peeny
et al. 1094 . Uhie orbital phase variations in the sbhape of Ha apocear to result from the
chaneivze vicing anele widl orbital phiase of o mainly optically thin emitting gas that has
an anisotre o velocity distribution. Because the orbit is essentially circular (Stickand

& Wocl 1t we expect than each element of gas 1 the volunie will appear ro show



orbital phie-related Doppler shifts dependent upon thie motion of that element. It is also

reasonable 1o assime that gas motions are svintetric with respect to theorbital plane.

These conditions arve ideal for the applicicion of & Doppler tomography algorithn to
reconstruct the velocity distribution ol the emitting gas using the ensemble of ermission line
profiles from ironnd the orbit. Doppler tomography is now an mportant tool in cmission
line studies of cataclvsmic variables (Naitchuck et al. 1991) and Algol binaries (Richards,
Jones, & Swiin 1996), and it has a dircct application in the current study. The algorithm
seeks to find an emission intensity distribution in a velocity grid plane, (V, Vy) (where X is
defined by tiie axis joining the stars), such that the integrated emission as seen from various
view angles tor hack projections) matches the obscrved, one-dimensional emission profile.
There are viany approaches in medical imaging to solving this problem, and astronomers
have generally embraced Fourier techiniques that work well if the observations have good
phasc coverave (Naivchuck et al. 1994). Our data sets have, unfortunately, some significant
phasc gaps. and so we have used instead an iterative least-squares technique that starts
with an empty ficld and slowly builds up the emission distribution through corrections
derived frois the ensemble of observed emission profiles. This approach is a direct extension
to an N x \ reconstruction of the methods we have applied to the NV X 2 reconstructions
used to sepirate the spectra of binary stars {Bagnuolo et al. 1992). The code was written
in IDL' by . Wiemker.

We clio-o to apply the tomography algorithin separately to the ESO and MSO data
sets hocause of the overall change in cmission strength observed between these epochs of
observation. he first task in this application is to reset the continuum to a zero value,
and then crenre avelocity grid corresponding to the “center of motion” of the emission.
Ideally. chix = dopted central velocity would be equal 5 the systemic velocity of the binary.
However, t1re is considerable uncertainty about the actnal svstemic velocity of TID 149104
becatiae the ~rectral Davnres measurod for vadial velociry participate in the photospheric
expansion il wind outfiow, and the vesulting values cover the range from Vy = —28 ki s71
to —G0 km <71 Nassev & Contl 1979 Sticklund & Koch 1996; Penuy 1996). We decided to
find the ceneal velokity from the proiiles thetselves by formiug o global average of all the
profiles {ror o run and then calenlating the lirst moment of the average (equal to —40.3
km s! for 1o ESO set and —47.5 knu s7! for the MSO sets). We then ran the tomcoraphy
algorithm 1 o projected velocity grid from =800 to +800 km «7': this amounted "o a
233 x 233 (i L) veloetty grid tiage for the SO (MSO) data. We took the viewing

angles direc v trom the orbital phases listed i Table [ and we ran the tomogra by

DL is a cocistored trademark of Rescavels Systens. Ine,



procedure for 100 iterations with a giin of 0.8 (the results are insensitive to the values of
either paracicter). ~

The resnlting tomograms are tllustrated as gravseale images in Figures 4 and 5 for the
ESO and MO data sets. respectively. Fhe gravscale intensity is shown as a fraction of the
peak intensitv in the tomogram (with identifving contour levels given), and for the piurposes
of illustration the image was rescaled omitting the lover 20% of emission intensity (which
is partially marred by low level artificts of the recoustruction). The observed emission
profile at anv given orbital phase is given by « projection through the image at a particular
angle. For example, the projection for phase 0.25 corresponds to the projection from the
top of the fivure to the hottom. The tomogram predicts we observe at that phase a hroad,
double-peaked feature that is more intense at positive velocities, just as observed at this
phase (Fig. 1). In fact, we made projections through the tomograms at the observed phases
in order to directly compare the expectations from tlie reconstruction with the actual
observations. These model back-projected profiles are shown as dashed lines in Figures 1
and 2, and hev generally make a satisfactory match of the observations. This happy result
gives us coniidence that the tomograms are indeed an adequate representation of the Ha
emission velocity distributions in HD 149404.

Figures 4 and 5 also show white civeles which indicate the projected rotational velocity
limits of th two stars in this velocity grid. Ve see thae the emission has a fundamentally
different veiocity distvibution from thiat of the two stars and, in fact, shows motious
orthogonal o those of the stars. The cission distribution is centered more or less on
the ceuter 7 mass of the system. and both dara sets shows subsidiary peaks which are
distributed 2lone the 15 axis. There are two peaks in the ESO tomogram, a strone one
centered ne v iy = =06 kms™ and 17 = — 15 kin 57 and a weaker peak near Vy = +116
km s~ anc .y = +110 ki s These two peaks correspond to the two components that
appear to s oarare and werge in the observed profiles (Fig. 1). The MSO tomogram shows

Land an

similar proserties, with a strong peak near Ve = —85 kin s™! and 1% = —19 km s~
asymuetric extension into the upper rvight quadrant that corresponds to the weaker peak
seen in the SO tomosram. The differcnces are partially attributable to the lower resolution
of the MSC «pectra. hut they may also veflect veal diflerences in the emission between these
epochs. Tne e next section, we explore how thiese tortograms can be interpreted in terms

of gas lows ro o colliding winds bovs <hock.



4. A Colliding Winds Model for HD 149404

Joth sios in this svstem are expected to have sigrificant stellar wind outflows based on
their spectrad classifications, and the presence of winds is evident in the strong UV P Cygni
lines (ITutehings & Van [eteren 1981) aud radio criission (Lamers & Leitherer 1993). Here
we explore aowind outllow geometry that could potentially explain the orbital variations in
the Hor emi=sion. We present in Figure 6 a sclicinatic drawing of HD 149404 as viewed from
above the orbital plane, with dimensions from Penuy ot al. (1999). This view is probably
very close to the way the binary actually appears in the sky, due to the low inclination
(i = 30°) ol the system. Based on the observed ellipsoidal variation, Penny et al. find that
Star 1 is cio<e to filling its critical Roche surinee, and the diagram uses their estimates of
volume equivalent radii, [2)/Rg = 23. [&2/R. = 16, sc:nimajor axis, a/Rg = 62, and mass
ratio, M5/, = 1.17. The center of mass (solid dot) would be shifted toward Star 2 (from
the illustrated position at z/a = 0.54 to 0.60) if the nass ratio from Stickland & Ioch
(1996) is adonted. The lnminosities ol the stars are alimost identical according to Penny et
al. (since Srar 2 is hotter and smaller). and both should have comparable mass loss rates
due to their radiativelv driven winds. Peuny et al. note that both stars are rotating faster
than synclironously (/. = 1.4 and 1.3 for Stars 1 and 2, respectively).

The tomoerams provide several Lints abour the site of the Ho emission. The emission
velocity disivibutions illustrated in Figuves 4 cud 5 are both centered on the system center
of mass anc <how lirtle or no evidence of orbiral moticu (which would displace the emission
distribution along the Vy-axis where the stars’ orbita! velocity components are situatced).
This contr:! Cisrribution implies that the emitting gas cloud is also centered on the system
center of 1. << whicl is found in the gaps between the siars (Fin 6). .\ second clue about the
placement " the emission comes frow inspeciion of tie differences between the observed
and recons. rered profiles in Figures | aud 20 We see hat the tomographic reconstructions
are geuera. o o good march ezcept ai the conjunction phases (0.25 and 0.75). At both
conjunctior< we find rhat rhe red. receding penk is stonger than expected while the blue,
approachin s eak is weaker. These properties suggest o us that we are witnessing ermission
that avises o ens streams adong the axis hetween the siars. The fact that the receding gas
is always pecferred over the simple model resulrs indicates that it originates in the closer
outgoing st -, while the opposite approaching strean suffers some obscuration and st
arise from oo vicinity of the more distant star. Thus. we suggest that the bulk of the
emission or - inares in gas fows from both stars that e moving toward a colliding winids

shock zone ©onween the stars.

This s:nole model explains the Ve components of motion, and the smaller 15

compoten.  orobabivoreileer thie tapad vorara ol 6l stars. Sinee both stars have
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super-synchironans rotation rates. we copect that gas tlows leaving their surfaces wounld
share this motion. The smaller vectors placed betweer: the stars in Figure 6 represent the
vector st of radial ontfiow and rorational dellection.

The vicdel we envision is sketelid in Fieure 6. 7he winds of these luminous stars
collide in ri:e vap Letween the stavs shown as the shaded area). Note that the shock
region illn-rared is schematic onlyve whoereas the actuia! shock boundary is defined by the
balance ol wind momenta. The winds of the stars thenselves maybe concentrated towards
the equatorial plane due to rapid rotation (Ignace, Cassinelli, & Bjorkman 1996) and/or
focused townrd the inner Lagrangian point by tidal effects (Friend & Castor 1982). The
Ha emission appears to be strongest in the material flowing into the shock region, and
in fact, the cmission strength probably drops significantly in the shock itself because the
Ho emissivity decreases with the higher temperatures found there (see Fig. 2 in Richards
& Ratliff 1048). Once the gas cools as it moves out from the collision apex, it will once
again emit move cfficientlv. and the Lroad distribution of emission flux in the tomograms
probably reitieers a large cinission volutie.

We can make an approximate estiwiate of the emission volume by calculating the total
emission measure in Ha. We used the stellar dimensicons adopted above and stellar {hixes
from uriio 100 1) tovether with the average observed equivalent width of Ty, = —5.2 A to
derive a toind Ha cmission measure of 2.6 x 1u* erg ™' Then, using an emissivity
coefficient ¥+ un asswmned temperatiee of 36006 K (Ri-hards & Ratliff 1998) and a density
of 10" cu.”  (appropriate to the upper atmospheres of hot stars), we find an emitting
volume of 2 < 10% cin?, equivalent to @ sphere of radins 5. The gap between the stins is
2 18175 o o the axds, wrd so she observed cinission tieasure is consistent with an ovivin
roughly Lo o the stars if our temperature and densiry estimates are reasonable.

In sy, the tomograms of the Ha emission profiles in HD 149404 sugeest the
presence o o Hows or focused winds that probably interact in a shock region. We lind
no evidence v present dav mass trassior in the system, which suggests that the evolution
of the binnry is heiug driven by stellar wind mass loss from the cutire system. Futive
observation- of TID 119401 (particulicly high resolution maps of the circumstellar gas
surroundive thie svstem) will help elicidate the nature of the colliding winds and the vole

this pheno-non plavs inomassive binary evolition,
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Fig. 1.— Il line profiles obtained at 55O in 19975 plotted against heliocentric radial
velocity and arranged in order of orbital phase (phase 0 corresponds to Star 1 maximum
radial velocityv). Solid lines vepresent ihe observations while dotted lines show model profiles
recoustructoed from the tomogram.

Fig. 2.— [ line profiles obtained at MSO in 1996 (thin lines) and in 1997 (thick lines)
plotted against heliocentric radial velocity and arranged in order of orbital phase. Solid
lines represent the observations while dotted lines show model profiles reconstructed from
the tomogran.

Fig. 3.— Ho equivalent width measurements as a function of orbital phase. Filled circles
represent [250) ubservations, while open squares and circles represent MSO observations from
1996 and 1U97. respectively.

Fig. 4.— A tomogram representation of the Ha emission from ESO observations. The
grayscale i o0 gives the cmnission inteusity (as a fraction of the peak value) for the velocity
structure scen in projection at different orbital phases. Vx refers to motion along the axis
joining the stavs while Vi is perpendicular to this axis. Obscrvations at orbital phases 0.0,
0.25, 0.5, a:xd 0.75 correspond to projections of this iniage as seen from the left hand side,

above, rie! hood side. and below. respectively. Thie open circles in white represent the
Vsind et of star L (befow) and S 2 above).
Fig. 5— A\ tomogram representation of the He emission from MSO observations in the

same formi: as [ie. 4.

Fig. 6.— A\ view of HD 149404 as scei: from above the orbital plane. The dotted line indicates

the classica! Doche surfaces. The solid dark curves ontline the presumed photospheres of
the stars.  coved arrows inside the =tars represent their equarorial rotation velocities. The
center of mws is indicated by asolid Jdot on the axis joining the two stars, and orbital phases
are shown i the periphery in the divection of the obscrver. The shaded area indicates the
likely location of the colliding winds shock. The arrows between the stars show the vectors
of the Ha ormission peaks (thick line for the strong component and thin line for the weak)

for the provosed eas llow configuration.
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Table 1. Observations of D 149104
D Orbital Phase Wy (A} Obscrvatory / Year

2119867.5899 0.0685 —4.89 £S0 1995
2 19867.803 1L (.)901 —4.87 ESO 1995
2:449868.5400 (3. 1653 —-4.51 SO 1995
2149868.6741 UL L790 —4.77 SO 1995
24:49808.8327 (.1951 —4.59 15S0O 1995
2449869.5451 T0.2077 -4.81 ESO 1995
2449869.6552 0.2789 —4.88 ESO 1995
24498(9.7825 0.2919 —4.71 ESO 1995
2449870.5891 00.3740 —4.28 ESO 1995
2:449870.7447 {.3899 —4.22 ESO 1995
2 149871.6361 (). 807 ~4.41 ESO 1995
21419871.8134 ). 1988 ~4.29 ESO 1995
2.119872.5903 0.5779 —-4.35 ESO 1995
DUST2.7294 1.5421 —4.42 ESO 1995

2L98T2.8544 .5049 ~4.48 ESO 1995
2 149873.5600 U.0763 —4.58 ESO 1995
298737567 0.G96G8 —4.53 SO 1995
2 119874.6598 0.7888 —4.65 ESO 1995
29878359 0.3003 —4.51 £SO 1995
21501-18.2304 0.6632 -5.53 ASO 1996
2H50152.16244 (630 —(.54 ASO 1996
2US0153.17 ) 1L166Y —7.25 ASO 1996
2HSU1SL1Y {2702 —7.02 MSO 1996
2001551266 {.3600 —06.00 MsO 1996
CADOLS5. 1385 0.5607 —0.45 MSO 1996
2150523, 1580 05737 —5.93 MSQO 1997
21505500721 LA6ST —6.55 AMSO 1997
CHLU53 10629 U696 —7.22 NSO 1997
2IT053 LOATH a7-HE -7.02 NSO 1997
2055505499 oIS —5.99 NSO 1997
L0055 6.0560 oLy 0-k —4.46 AMSO 1997
CHS0558.0018 0.5807 050 NSO 1997
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